The objective of this study is to analyse the effect of tool-work interface temperature observed during the turning of AISI 4340 cylindrical steel components in three machining conditions, namely flooded, near-dry and dry conditions with three separate CNMG-PEF 80 0 diamond finish Titanium Nitride (TiN) coated carbide cutting tool. The machining parameters considered in this study are cutting velocity, feed rate and depth of cut. The experiments were planned based on full factorial design (3 3 ) and executed in an All Geared Conventional Lathe. The toolwork interface temperature was observed using a K-type tool-work thermocouple, while the machining of steel, and subsequently, a mathematical model was developed for the tool-work interface temperature values through regression analysis. The significance of the selected machining parameters and their levels on tool-work interface temperature was found using analysis of variance (ANOVA) and F-test. The results revealed that machining under near-dry condition exhibited lesser temperature at the tool-work interface, which is the sign of producing better quality products in equivalence with the machining under flooded condition.
Introduction
In the present day manufacturing environment, machining operations are inevitable in producing finished products. In any machining operation involving metal cutting, the usage of lubricants plays a vital role in maintaining favourable manufacturing conditions [1] . The favourable manufacturing conditions are a combination of certain process parameters and conditions, due to which best quality machine components are produced [2, 3] . Above 95% of gross energy sustained to the machine tool is changed over into heat, because of the relative movement between the cutting tool and workpiece [4, 5] . This form of heat energy is considered to be a waste and such a form of generated heat causes poor product surface quality and wear and tear of the tools [6] .
In spite of the fact that rapid machining is most desirable for superior productivity, the quicker tool wear due to the relative motion between the cutting tool and workpiece confines the cutting speed. So, the extreme heat created due to the friction could be controlled for predominant product quality and better tool life. The heat generated at the tool-work interface also leads to microstructural distortion of the machined components [7] . The amount of friction generated between tool and workpiece has an influence on the quality of machined components [8] . The aforementioned issue could be overcome by applying cutting fluids on tool-work interface [5, 9] . The usage of cutting fluids are primarily: (i) to reduce the heat generated in the tool-work interface [6, 10] , (ii) to reduce the friction between the tool and work due to machining operation [11] and (iii) to wash away the metal chips removed during the machining operation [12] . The metal chips washed away by the lubricants and coolants keep the tool-work interface free from any chips, leading to smooth material removal from the workpiece [13] . These qualities of lubricants and coolants enable the wide usage of lubricants and coolants in various metal cutting operations including turning, milling, grinding and drilling operations [14] . In metal cutting, the choice of cooling method influences the deformation mechanism [15] .
In spite of the numerous advantages mentioned, the use of lubricants and coolants has numerous disadvantages also [13] . The lubricants and coolants used in a manufacturing environment facilitate colonization of bacteria and fungi in workplace [16] , or the lubricants and coolants are made of carcinogenic materials [17] , and may lead to diseases like cancer, dermatitis and allergy in humans when coming into contact with the human skin [18] . Also, the cost of lubricants and coolants adds up to 8% to total machining cost, which can be a considerable overhead on everyday operation [19] .
In order to overcome these disadvantages of lubricants and coolants, many researchers and practitioners are working towards developing alternate methods that would involve less usage of lubricants and still not compromise on the benefits obtained by lubricants and coolants.
Near-dry machining (NDM) is a step in the direction of using lesser lubricants and coolants [13] . NDM aims at providing sustainable and green manufacturing in a modern machine shop [20, 21] . NDM is one such development that has proven to be highly useful in leading to a greener manufacturing process [22] [23] [24] [25] .
From the literature stated above, it becomes clear that machining studies have been carried out by various researchers in the field of near-dry machining. Still, there remains some difficulty in the application of the near-dry machining concept in the field of machining, which reveals that still more research has to be carried out to find a reasonable solution. In this direction, the work being reported in this paper was carried out to develop a 'neardry machining' unit to overcome the disadvantages of the conventionally flooded lubrication. The details of the fabricating unit are presented in the next section. The experimental details are presented in the third section. An experiment was carried out using an NDM unit in 'near-dry' condition and the results of this experiment are compared with the experiments carried out in flooded and dry conditions in the fourth section. The details of the comparative study and analysis that was carried out are discussed in the fifth section. The conclusions of this paper are discussed in the sixth section.
Near-dry Machining Unit
This section presents the construction details of the NDM unit. The schema of NDM unit is depicted in Figure 1 . This NDM unit consists of a piston pump with a cyclic timer that dispenses very little quantity of coolant to mix with the stream of air from the air compressor, along with all other supporting accessories, which include a solenoid valve, pressure regulators, non-return valve, coolant reservoir and nozzle ( Figure 2 ) [23] . The NDM unit used in this work was capable of dispensing the cutting fluid ranging from 22.4 ml/hr to 224 ml/hr.
Experiment Details

Work Piece
A cylindrical workpiece made of AISI 4340 steel with dimensions (50 mm × 120 mm) was selected for this study. AISI 4340 steel is a high tensile alloy steel with wear resistance properties and is extensively used in the automotive and general engineering applications, which include aircraft, propeller or gear shafts, connecting rods and aircraft landing gear components. The chemical composition and the mechanical properties of AISI 4340 steel are shown in Table 1 and Table 2 , respectively. 
Cutting Tool
PCLNR tool holder and three separate CNMG-PEF 80 ∘ diamond finishing TiN coated carbide insert with 0.4 mm nose radius were used in the turning of AISI 4340 steel under flood, near-dry and dry conditions.
Cutting Fluid
Servocut 'S' grade oil emulsified with water was used as cutting fluid in both flooded and near-dry machining conditions. Properties of cutting fluid Servocut 'S' grade oil is given in Table 3 . The experiments were planned based on a full factorial design (3 3 ). From the set of experiments, the effect of machining parameters, namely cutting velocity, feed rate and depth of cut on the response output were studied. The experimental setup comprising the lathe, NDM unit, compressor and the tool-work thermocouple arrangement is shown in Figure 3 . NDM nozzle shown in Figure 4 was attached parallel to the flood coolant nozzle available in the lathe. The NDM unit was placed as a peripheral device, which generates coolant mist. The flexible hose enables the nozzle to move in any direction. For achieving a near-dry machining condition, a constant pressure of 5 bar was applied throughout The machining parameters, namely cutting velocity, feed rate and depth of cut, were considered in the turning of cylindrical AISI 4340 steel under flood, near-dry and dry machining conditions. The various levels of the machining parameters are given in Table 4 .
The turning operation was carried out under flooded, near-dry and dry conditions, which are shown in Figure 5 , Figure 6 and Figure 7 , respectively.
Subsequently, the tool-workpiece interface temperature under flooded, NDM and dry machining conditions was measured using a tool-work thermocouple technique (K-type thermocouple having a temperature range from 0 ∘ C to 1200 ∘ C with a digital temperature indicator) with
proper calibration during turning of AISI 4340 steel at different cutting velocities, feeds and depth of cuts in the present investigation, which is shown in Figure 8 . 
Results and Discussion
Experimental Conditions and Results
Effect of machining parameters on tool-work interface temperature
The effect of cutting velocity was studied with a constant feed rate of 0.15 mm/rev and with a constant depth of cut of 0.6 mm, while machining steel AISI 4340 under flood, NDM and dry conditions. It was observed from Figure 9 that the tool-work interface temperature while machining AISI 4340 under flooded, near-dry and dry conditions increased rapidly with an increase in cutting velocity. The effect of feed rate was studied with a constant cutting velocity of 350 m/min and with a constant depth of cut of 0.6 mm, while machining steel AISI 4340 under flooded, near-dry and dry conditions. It was observed from Figure 10 that the tool-work interface temperature value increased gradually with an increase in the feed rate for all the machining conditions. The effect of depth of cut was studied with a constant cutting velocity of 350 m/min and with a constant feed rate of 0.15 mm/rev when machining steel AISI 4340 under flooded, near-dry and dry conditions. It was observed from Figure 11 that the tool-work interface temperature value increased with an increase in the depth of cut for all the three machining conditions. 
Analysis of Variance (ANOVA)
The most significant factor on the response output was analysed using the analysis of variance (ANOVA) and F-test with a probability of p = 0.05 for flooded, near-dry, and dry machining conditions. 
Analysis of variance (ANOVA) for tool-work interface temperature
The value of 'Prob. > F' in Tables 6, 7 and 8 for the model is less than 0.05, which indicates that the model is significant; this is enviable, as it indicates that the terms in the model have a significant effect on the tool-work interface temperature. From ANOVA results, it was evident that cutting velocity has a higher influence on the tool-work interface temperature, followed by the depth of cut and feed rate for the three machining conditions. This coincided with the existing theories of machining. 
Mathematical Modelling
In this study, generalized non-linear mathematical models were developed and the effect of machining parameters on tool-work interface temperature (T) under flooded, neardry and dry machining conditions were modelled by using regression analysis tool available in MINITAB 17 statistical software package. The mathematical equations are given below:
T − ooded = 13. For the above mathematical equations, it was found that the values of r 2 were 0.98, 0.97 and 0.98 for flooded, near-dry and dry machining conditions respectively, where 'r' is the correlation coefficient and the value range of 'r 2 ' should be between 0.8 and 1 [26] . The value of 'r 2 ' indicates the closeness of the mathematical equations representing the output response. Figure 12 illustrates the scanning electron microscopy results of the worn nose and flank face of the cutting tool for Figure 13 illustrates the scanning electron microscopy results of the worn nose and flank face of the cutting tool for machining under near-dry condition. The cutting tool insert was found fractured (nose wear) at the tool nose ( Figure 13(a) ); flaking associated with flank wear was observed at the flank face ( Figure 13(b) ); attrition was also observed at the cutting tool (Figure 13 (c) and Figure 13(d) ). Figure 14 illustrates the scanning electron microscopy results of the worn nose and flank face of the cutting tool for machining under dry condition. The cutting tool insert was found fractured heavily (nose wear) at the tool nose (Figure 14(a) ); flaking associated with flank wear was observed at the flank face (Figure 14(b) ); attrition was also observed at the cutting tool (Figure 14 (c) and Figure 14(d) ).
Scanning Electron Microscopy analysis
Conclusion
Any machining process is required to produce products with a good surface finish so as to improve the quality of the product. Inherently, machining processes utilize lubricants to improve the tool and work properties along with the quality of the finished product. However, certain drawbacks of using flooded lubricants are reported in the literature, namely unclean work environment, increased lubricant cost and health hazard to the operator. In order to overcome these drawbacks of flooded lubrication, the use of NDM is finding more applications in the recent scenario.
Based on the tool-work interface temperature test conducted on AISI 4340 steel during turning operation with titanium nitride coated carbide insert under flooded, NDM and dry machining conditions, this research work is concluded with the following key points:
(i) From the average tool-work interface temperature chart plotted for the three machining conditions, it was evident that the tool-work interface temperature under NDM condition deviates 9.16% from the toolwork interface temperature observed under flooded condition. But in the case of dry condition, it was poorer than the flooded and near-dry condition. So, NDM aids the performance of machining. The comparison chart of tool-work interface temperature for the three machining conditions is depicted in Figure 15. (ii) From the experimentation for flooded, NDM and dry machining conditions, it could be concluded that cutting velocity has a greater effect on the tool-work interface temperature followed by the depth of cut and feed rate for the three machining condition, which was proven by ANOVA and F-test results. (iii) Non-linear regression models were developed for tool-work interface temperature. From those equations, the tool-work interface temperature value could be computed if the parameters, namely cutting velocity, feed rate and depth of cut are known for the three machining conditions, that is, flooded, NDM and dry. (iv) The scanning electron microscopy results revealed that the cutting tool insert used for machining under dry condition was entirely worn out; however, the wear observed in the cutting tool insert used for machining under the near-dry condition was almost at par with the wear observed in the cutting tool insert used for machining under flooded condition. (v) During machining under near-dry condition, no coolant spillage or wastage was observed during the entire process, which resulted in no residual coolant to be discarded. Hence, near-dry machining would eliminate any pollution that coolants might generate. Additionally, this led to a clean work environment. (vi) A measured quantity of 10.5 ml cutting fluid was consumed for the entire machining under the neardry condition, which was much lesser than the quantity spilled away in flooded machining.
